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Septins are GTP-binding proteins that are evolutionarily and structurally related to the
RAS oncogenes. Septin expression levels are altered in many cancers and new advances
point to how abnormal septin expression may contribute to the progression of cancer.
In contrast to the RAS GTPases, which are frequently mutated and actively promote
tumorigenesis, little is known about the occurrence and role of septin mutations in human
cancers. Here, we review septin missense mutations that are currently in the Catalog
of Somatic Mutations in Cancer (COSMIC) database. The majority of septin mutations
occur in tumors of the large intestine, skin, endometrium and stomach. Over 25% of
the annotated mutations in SEPT2, SEPT4, and SEPT9 belong to large intestine tumors.
From all septins, SEPT9 and SEPT14 exhibit the highest mutation frequencies in skin,
stomach and large intestine cancers.While septin mutations occur with frequencies lower
than 3%, recurring mutations in several invariant and highly conserved amino acids are
found across different septin paralogs and tumor types. Interestingly, a significant number
of these mutations occur in the GTP-binding pocket and septin dimerization interfaces.
Future studies may determine how these somatic mutations affect septin structure and
function, whether they contribute to the progression of specific cancers and if they could
serve as tumor-specific biomarkers.
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Septins are GTP-binding proteins that form higher order filamentous structures, which function
primarily in the spatial organization and compartmentalization of many cellular processes
(Caudron and Barral, 2009; Mostowy and Cossart, 2012; Spiliotis and Gladfelter, 2012). In human
cells, septins comprise a family of 13 paralogous genes, which encode 13 different septins (SEPT1-
SEPT12, SEPT14) with multiple isoform variants (Kinoshita, 2003b; Pan et al., 2007; Russell and
Hall, 2011). Evolutionarily, septins belong to the same class of GTPases as the RAS oncogenes
(Leipe et al., 2002). Similar to the Ras proteins, the core GTP-binding structure of septins consists of
alternating α-helices, β-sheets and loops (P-loops) that come in contact with the phosphate groups
of GTP (Leipe et al., 2002). Septins, however, contain additional helices (α0, α5′, and α6) and β-
strands (e.g., β7, β8), which in part support tandem dimerization into oligomers and polymers
(Sirajuddin et al., 2007, 2009; Macedo et al., 2013). Assembly of these septin heteromers depends on
GTP-binding and hydrolysis, which further stabilizes the dimerization interfaces through allosteric
effects (McMurray, 2014; Zent and Wittinghofer, 2014; Zeraik et al., 2014). In contrast to the
monomeric Ras GTPases, whose function relies on the hydrolysis and exchange of GTP by GTPase
activating proteins (GAPs) and guanine exchange factors (GEFs), septins hydrolyze and exchange
GTP on their own, albeit at very slow rates (Sheffield et al., 2003; Vrabioiu et al., 2004; Huang et al.,
2006; Abbey et al., 2016).
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Based on sequence similarity, mammalian septins are
categorized in four groups: SEPT2 (septins 1, 2, 4, and 5), SEPT3
(septins 3, 9, and 12), SEPT6 (septins 6, 8, 10, 11, 14) and
SEPT7 (Kinoshita, 2003a; Cao et al., 2007; Pan et al., 2007).
Due to lack of a critical threonine residue, which coordinates
the hydrolysis of GTP, septins of the SEPT6 group are thought
to bind GTP constitutively (Sirajuddin et al., 2009; Zent and
Wittinghofer, 2014). Septins vary mainly in the N- and C-
terminal sequences that flank the GTP-binding domain. SEPT7
and septins of the SEPT6 group contain α-helical coiled-coil
domains in their C-terminal tails, while SEPT9 contains an
elongated N-terminal tail, which is enriched with prolines and
interacts with microtubules and actin microfilaments (Bai et al.,
2013; Smith et al., 2015). With the exception of the SEPT6 group,
all septins contain a polybasic domain, which has been shown to
interact with membrane phosphoinositides (Zhang et al., 1999;
Casamayor and Snyder, 2003).
Septins assemble into oligomers and polymers in a
combinatorial fashion, forming complexes that include a
septin from each one of the four groups (Kinoshita, 2003a;
Nakahira et al., 2010; Sandrock et al., 2011). Through their
GTP-binding domains, septins dimerize in tandem to form
a non-polar hetero-octamer of a 2:2:2:2 stoichiometry (Kim
et al., 2011; Sellin et al., 2011). This palindromic dimer of
two SEPT2/6/7/9 complexes is posited to be the basic unit
of most mammalian septin heteromers; septins of the same
group substitute one another within the SEP2/6/7/9 complex.
The expression of certain septins, however, varies significantly
between different tissues and organs, and the exact composition
of septin complexes is not well known (Hall et al., 2005; Connolly
et al., 2011a; Sellin et al., 2014). Moreover, septin heteromers of
alternative compositions or stoichiometries have been reported,
suggesting that the SEPT2/6/7/9 mode of assembly might not be
a panacea (Dolat et al., 2014a).
Septins interface functionally withmolecularmechanisms that
underlie the membrane- and cytoskeleton-based processes of the
cell. Named after their roles in partitioning the membranes of
the two emerging daughter cells in late mitosis, septins initially
became known for their functions in cytokinesis (Longtine et al.,
1996; Kinoshita and Noda, 2001; Joo et al., 2005; McMurray
and Thorner, 2009). Over time, membrane-associated septins
were discovered to maintain diffusion barriers, controlling
protein localization, and to modulate exocytic membrane fusion
(Kartmann and Roth, 2001; Caudron and Barral, 2009; Bridges
and Gladfelter, 2015). Recently, septins were found to affect
mitochondrial division (Pagliuso et al., 2016; Sirianni et al.,
2016), pointing to as-yet-unknown roles in the biogenesis of
membranous organelles. Of note, septins have been implicated in
the biogenesis of multi-vesicular bodies and autophagosomes, as
well as in lysosomal homeostasis (Mostowy et al., 2010; Traikov
et al., 2014; Dolat and Spiliotis, 2016).
In the cytoplasm, septins associate with the actomyosin and
microtubule cytoskeletons. The organization and contractile
properties of actin-myosin filaments are modulated by septins,
which cross-link and bend actin filaments into functional
structures such as the cytokinetic contractile ring, the actin stress
fibers that power cell migration, and cellular protrusions such
as filopodia, pseudopodia and lamellipodia (Kinoshita et al.,
1997, 2002; Joo et al., 2007; Kremer et al., 2007; Shankar
et al., 2010; Hu et al., 2012; Mizutani et al., 2013; Dolat
et al., 2014b; Mavrakis et al., 2014). Similarly, septins affect
the organization, dynamics and post-translational modifications
of the microtubule cytoskeleton, impacting the morphogenesis
of epithelia and neurons (Spiliotis et al., 2008; Bowen et al.,
2011; Ageta-Ishihara et al., 2013; Bai et al., 2013; Froidevaux-
Klipfel et al., 2015). Moreover, microtubule-associated septins
are essential for proper chromosome alignment and segregation
during mitosis, and the cytoskeleton-dependent transport of
membrane vesicles in interphase cells (Spiliotis et al., 2005, 2008;
Bai et al., 2016).
As our knowledge of septin functions continues to expand,
it is becoming increasingly evident that abnormalities in septin
expression have a major impact on cellular homeostasis and
human health. To date, septins are linked to various disease
states including neurodegenerative, neuromuscular and blood
disorders as well as infertility and developmental disabilities
(Dolat et al., 2014a; Marttinen et al., 2015). Notably, septin
expression levels are widely altered in almost every cancer type
from leukemias and epithelial carcinomas to melanomas and
gliomas (Cerveira et al., 2011; Connolly et al., 2011a; Dolat et al.,
2014a).
ALTERATIONS OF SEPTIN EXPRESSION IN
CANCER
Historically, SEPT9 was the first septin implicated in cancer. In
the late 1990s/early 2000s, three independent lines of evidence
linked SEPT9 to cancer. First, SEPT9 was identified as a fusion
partner of the mixed lineage leukemia (MLL) gene (Osaka
et al., 1999), which translocates to various chromosomal loci,
giving rise to chimeras that promote the oncogenic potential
of MLL; subsequently more septins were identified as MLL
fusion partners (Cerveira et al., 2011). Second, the murine
SL-3 retrovirus that causes T-cell lymphomas was found to
preferentially integrate into the SEPT9 gene locus (Sorensen
et al., 2000). This observation was reminiscent of the seminal
discovery of proto-oncogenes, which trigger cancerous growth
after insertion of retroviral DNA into the host genome (Hayward
et al., 1981; Payne et al., 1982). Third, the human SEPT9 gene was
mapped to the chromosomal locus 17q25.3, which is frequently
deleted in sporadic ovarian and breast cancers (Kalikin et al.,
2000; Russell et al., 2000). Multiple copies of the SEPT9 gene,
however, were also found in a variety of human tumors and
similar amplifications of the SEPT9 gene were observed in mouse
models of breast cancer (Montagna et al., 2003).
Following these early findings, an increasing number of
studies began to report the over-expression and down-regulation
of specific septins in a variety of hematological malignancies
and solid tumors. In addition to the MLL-septin chimeras,
the SEPT4/ARTS isoform was found to be down-regulated in
acute lymphoblastic leukemia (ALL) and genetic ablation of
SEPT4 increased the levels of hematopoietic stem cells, which
became resistant to apoptosis (Larisch et al., 2000; Elhasid
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et al., 2004; Garcia-Fernandez et al., 2010). Alterations in septin
expression have been reported in brain tumors (glioblastomas),
skin (squamous cell carcinomas, melanomas), kidney (renal cell
carcinomas), colorectal, lung and hormonally regulated cancers
such as prostate, breast, ovarian and endometrial cancers (Hall
and Russell, 2004; Dolat et al., 2014a; Montagna et al., 2015).
In the vast majority of these cancers, septins are over-expressed
(Figure 1), but occasional down-regulation, ectopic expression
and epigenetic alterations have also been reported (Tanaka et al.,
2001; Liu et al., 2010; Payne, 2010; Connolly et al., 2011b; Shen
et al., 2012; Montagna et al., 2015). Based on these abnormalities,
diagnostic tests were developed for urothelial and colorectal
cancers, which screen respectively for the expression of the
Bradeion isoform of SEPT4 in the urine and the methylation
of the SEPT9 gene in the blood (Tanaka et al., 2001, 2003;
Grutzmann et al., 2008; Warren et al., 2011; Bongiovanni et al.,
2012).
EMERGING ROLES OF SEPTINS IN
CANCER
In contrast to classical tumor suppressors and oncogenes, which
induce cancer by loss and gain of function mutations, septins are
thought to belong to a broader class of cancer genes that affect
tumorigenesis as a consequence of altered levels of expression
(Sager, 1997; Hall and Russell, 2004). Given that septins function
as hetero-oligomers, it is unclear how up- or down-regulation of a
septin isoform could contribute to cancer progression. However,
a growing number of studies show that abnormalities in the
expression levels of a single septin bestow cellular properties
akin to tumorigenic phenotypes (Gonzalez et al., 2009; Garcia-
Fernandez et al., 2010; Connolly et al., 2011b; Dolat et al., 2014b).
Moreover, decreasing the expression of a single septin has been
shown to suppress tumor growth in vivo (Tanaka et al., 2002; Yu
et al., 2016).
Taken together with advances in the cell biological functions of
septins, it is now evident that septins are linked to the molecular
mechanisms that underlie hallmarks of cancer such as resistance
to cell death, proliferation, angiogenesis and invasion and
metastasis. The ARTS isoform of SEPT4 (SEPT4_i1) is regarded
as a pro-apoptotic tumor suppressor, whose down-regulation
in leukemia could render resistance to pro-apoptotic stimuli
(Gottfried et al., 2004; Garcia-Fernandez et al., 2010). SEPT9_i1
binds and prevents the degradation of the c-Jun-N-terminal
kinase (JNK), which promotes tumor cell proliferation (Gonzalez
et al., 2009). Similarly, septins have also been reported to suppress
the degradation of the epidermal growth factor receptor (EGFR)
and the receptor-protein tyrosine kinase Erb2/HER2, which are
linked to signaling pathways that trigger cell proliferation and
migration (Diesenberg et al., 2015; Marcus et al., 2016). Notably,
SEPT9_i3 is phosphorylated by the cell cyclin-dependent kinase
1 (Cdk1), which controls entry into mitosis and promotes cell
proliferation and survival (Liu et al., 2008; Estey et al., 2013).
Sustained proliferation requires a metabolic reprogramming,
which includes the internalization of carbon sources and amino
acids from the interstitial fluid by macropinocytosis (Bloomfield
and Kay, 2016). Ras mutants have been known to upregulate
macropinocytosis and septins were recently found to affect the
intracellular transport of macropinosomes in a dose dependent
manner (Bryant et al., 2014; Dolat and Spiliotis, 2016). Oxygen
supply is equally important for the metabolic demands of
tumors, which induce angiogenesis under hypoxic conditions
(Hoff and Machado, 2012). SEPT9_i1 binds and facilitates the
nuclear import of the hypoxia-inducible factor-1α (HIF1α),
whose transcriptional activity promotes angiogenesis (Amir et al.,
2009; Golan and Mabjeesh, 2013).
Multiple studies have shown that over-expression of SEPT9
isoforms enhances cell motility and invasion, and suggest
that SEPT9 upregulation is programmed by the epithelial-to-
mesenchymal transition (EMT) that drives the development of
carcinomas (Chacko et al., 2005; Shankar et al., 2010; Connolly
et al., 2011b; Fuchtbauer et al., 2011; Dolat et al., 2014b). SEPT2
and SEPT7 have also been implicated in the migration and
invasion of breast cancer and glioblastoma cells (Jiang et al., 2014;
Zhang et al., 2016). While SEPT2/7 promote the cell migration
and invasion of breast cancer cells, SEPT7 appears to have
the opposite role in gliomas (Jiang et al., 2014; Zhang et al.,
2016). Over-expression of other septins such as SEPT1 has been
suggested to promote themigration of skin cancer cells (Mizutani
et al., 2013).
In addition to these roles, which are intimately associated
with the hallmarks of cancer, septins may contribute to the
genomic instability of cancer, resistance to anti-cancer drugs and
the promotion of cell growth by the tumor microenvironment.
Alterations in septin expression affect chromosome alignment
and segregation as well as cytokinesis, which may result in
the loss or gain of whole chromosomes (Spiliotis et al., 2005;
Estey et al., 2010; Thompson et al., 2010; Menon et al.,
2014). Indeed, over-expression of SEPT9_i1 in humanmammary
epithelial cells increases aneuploidy, which correlates with
defects in centrosome duplication, chromosome segregation and
cytokinesis (Peterson et al., 2011). In cancer cell lines, elevated
expression of SEPT9 isoforms (e.g., SEPT9_i1/i4) and down-
regulation of SEPT10 have been reported to confer resistance to
the anti-cancer microtubule-targeting drug paclitaxel (Amir and
Mabjeesh, 2007; Froidevaux-Klipfel et al., 2011; Chacko et al.,
2012; Xu et al., 2012). Future studies will determine whether
dysregulation of septin expression affects cancer resistance in
vivo. Interestingly, a recent study showed that in vivo septins are
required for the remodeling of the extracellular matrix by cancer-
associated fibroblasts (CAFs). In addition, septins partly promote
CAF-induced tumor growth and pro-angiogenic activity (Calvo
et al., 2015). This is the first evidence of septins playing a role in
the organization and properties of the tumor microenvironment,
which is important for the progression of cancer.
A GLOBAL VIEW OF SEPTIN MISSENSE
MUTATIONS IN HUMAN CANCERS
In contrast to the alterations in septin expression, which have
been extensively documented in a variety of cancers, septin
mutations remain virtually undocumented. The Catalog of
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FIGURE 1 | Septin over- and under-expression in human cancers. Bar graphs show the percentage of tumor samples, in which a specific septin is
over-expressed (red) or under-expressed (green). In the COSMIC database, the thresh-hold value for over- or under-expression is set at two times the standard
deviation from the mean values of expression in tumor samples that were diploid for a septin gene. The number (N) of samples analyzed is shown in parenthesis under
each tumor type. Note that several septins are both over- and under-expressed in samples of the same tumor type.
Somatic Mutations In Cancer (COSMIC; http://cancer.sanger.
ac.uk/cosmic) is an on-line database that compiles cancer
genomic information from scientific publications, The Cancer
Genome Atlas (TCGA) and the International Cancer Genome
Consortium (ICGC) databases. Currently, COSMIC contains
data for 42 different primary tumor types (e.g., intestinal, skin,
kidney), which were derived from approximately 1.23 million
patients. The majority of these samples are from patients with
haemotopoietic and lymphoid cancers (∼32%). Large intestine,
lung and thyroid cancer samples account for ∼14%, ∼13%,
and ∼5% of patients, respectively. All other tumor types are
each under 5% of the total pool of patients. Presently, COSMIC
contains data from screening a cumulative of 28,611 genes,
including isoforms from identical genes, and 301,848 unique
mutations are catalogd.
In COSMIC, 693 septin missense mutations are reported;
for this review’s purpose, we focused on single amino
acid substitutions and not on gene deletions, duplications,
translocations or epigenetic alterations. A number of these septin
mutations are found in different tumor types or different patients
with the same type of tumor. Over 20% of the septin mutations
correspond to large intestine tumors (Figure 2A). Approximately
15% of septin mutations belong to skin cancers, >10% to
lung tumors and >5% to endometrial and stomach tumors.
The percentage of total septin mutations for any other tumor
type is lower than 5%. Given that intestine, skin, endometrial
and stomach cancers represent 14.4%, 3.3%, 1.3%, and 2%
of the total tumor samples, respectively, the percentage of
septin mutations in these tumor types is above the relative
abundance of samples. Similarly, the percentage (4–5%) of septin
mutations in liver and kidney tumors is more than double
the percentage (1.3–1.4%) of these tumors in the total samples
screened.
Septins of the SEPT6 group account for 44.6% of total
septin mutations, while the SEPT2 and SEPT3 groups each
harbor ∼25% of septin mutations (Figure 2B). From all
13 septin paralogs, the top two most mutated septins are
SEPT14 and SEPT9, which contain ∼15% and ∼10% of total
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FIGURE 2 | Global view of septin missense mutations in human cancers. (A) All 693 septin missense mutations were grouped per tumor type. Bar graph
shows the percentage of total septin mutations that occur in each tumor type. Tumors of uncertain type are designated as “not set.” (B,C) Pie charts show the
percentage of septin mutations per septin group (B) and individual septin paralog (C).
mutations, respectively (Figure 2C). Each of the remaining septin
paralogs account for 5–9% of total mutations. Interestingly, the
ubiquitously expressed SEPT7 is the least mutated, accounting
for less than 5% of total mutations (Figures 2B,C).
Grouping the mutations of each septin paralog under their
corresponding tumor types shows that 25–35% of the SEPT2,
SEPT4, and SEPT9 mutations are found in large intestine tumors
(Figures 3A,B). SEPT2 and SEPT9 had notably more mutations
(∼14%) in liver and stomach cancers, respectively, relative to
all other septins (Figures 3A,B). The majority of SEPT12 and
SEPT14 mutations occur in skin (20–26%), large intestine (20%)
and lung (13–15%) cancers (Figures 3B,C). Similar trends are
observed for SEPT3, SEPT5, SEPT6, SEPT10, and SEPT11.
Compared to all other septins, SEPT7 has a higher percentage of
mutations in cancers of the central nervous system (∼13%) and
endometrium (∼16%) (Figure 3D).
In contrast to the high mutation frequencies of Ras GTPases
and other classical oncogenes (Fernandez-Medarde and Santos,
2011; Pylayeva-Gupta et al., 2011; Chang et al., 2016), the
incidence of septin mutations appear to be below 3% (Table 1).
Among the top ten most frequent septin mutations, SEPT14
and SEPT9 top the list with frequencies of 2.56 and 1.86%
in skin and stomach cancers, respectively (Table 1). The same
TABLE 1 | Septins with the highest mutation frequencies (f).
Rank SEPT Primary tumor f (%) Samples screened Total samples
1* SEPT14 Skin 2.56 1094 16,706
2 SEPT9 Stomach 1.86 592 24,308
3 SEPT9 Large intestine 1.55 1482 179,020
4 SEPT14 Large intestine 1.35 1482 179,020
5 SEPT9 Endometrium 1.25 640 16,706
– SEPT6 Endometrium 1.25 640 16,706
7 SEPT3 Cervix 1.24 322 5828
8 SEPT4 Large Intestine 1.21 1482 179,020
9 SEPT12 Skin 1.10 1094 40,749
10 SEPT14 Soft tissue 1.06 567 40,032
*SEPT6 frequency in peritoneal tumors is 10%, but only 10 out of 400 samples have been
screened.
septins also have the highest frequencies (1.3–1.5%) in tumors
of the large intestine. The mutation frequencies (1.25%) of
SEPT9 and SEPT6 in endometrial tumors, and of SEPT3 in
cervical cancer are also among the highest of all septins.
Overall, septin mutations occur with the highest frequency
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FIGURE 3 | Distribution of septin mutations by tumor type. Bar graphs show the distribution of missense mutations across tumor types for the individual septin
paralogs of the SEPT2 (A), SEPT3 (B), SEPT6 (C), and SEPT7 (D) groups. Septin paralog-specific mutations were binned under each tumor type and the
percentages of total mutations per each tumor type were derived and graphed. The N values shown in parenthesis correspond to the number missense mutations
identified in COSMIC for the corresponding septin paralogs. Tumors of uncertain identity are designated as “not set.”
in cancers of the skin, large intestine, endometrium and
stomach.
RECURRING MUTATIONS IN CONSERVED
SEPTIN RESIDUES AND DOMAINS
Ras proteins are known for containing highly conserved amino
acids that are mutated with high frequencies in a variety of
cancers (Fernandez-Medarde and Santos, 2011; Pylayeva-Gupta
et al., 2011). These mutational hotspots comprise amino acids,
which are key for the hydrolysis of GTP, and have been developed
as prognostic markers and targets for anti-cancer therapies
(Pylayeva-Gupta et al., 2011; Chang et al., 2016; Lu et al., 2016).
Aligning the sequences of the 13 septin paralogs and scoring
all amino acids with missense mutations reveals that there are
fully conserved residues with multiple mutations (Figure 4A,
Table 2). In Figure 4A, the positions of the most frequently
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FIGURE 4 | Structural mapping of septin missense mutations. (A) The amino acid sequences of all 13 human septins were aligned with the Clustal Omega
program (EMBL-EBI) and amino acid positions were numbered starting with amino acid 30 of SEPT6. Histogram (top) shows the cumulative number of missense
mutations that occur for each amino acid position across all septin paralogs. A heat-map (bottom) representation indicates the number of mutations for each amino
acid position by color-coding 0-1 mutations in gray, 2-3 mutations in pink and 4-5 mutations in red. A schematic diagram depicts the secondary structure elements
and domains that correspond to the amino acid positions on the x-axis of the histogram and heat-map. On the x-axis of the heatmap, the amino acid identities and
numbers of SEPT6 are shown for reference purposes. (B,C) Ribbon cartoons of the 3D crystal structure of SEPT2 (B; PDB code: 3FTQ) and the SEPT6/7 dimer (C)
from the crystal structure of SEPT2/6/7 (PDB code: 2QAG) depict the location and cumulative number of mutations shown in the histogram and heatmap above. Gray
areas contain none or one mutation, while pink and red areas harbor 2-3 and 4-5 mutations, respectively. Insets show magnified views of the GTP-binding pocket and
G-G interface (B) as well as the N-C dimerization interface of SEPT6/7 (C). Ribbon cartoons were generated with the PyMOL software and amino acid locations were
also color-coded in PyMOL.
mutated amino acids are identified by a color-coded heatmap,
which indicates the cumulative number of mutations for each
amino acid position. Interestingly, several amino acids that
contain multiple mutations are positioned in the GTP-binding
pocket, the septin unique element and the G-G as well as the N-C
dimerization interfaces of septins (Figures 4B,C).
MUTATIONS IN THE GTP-BINDING
POCKET OF SEPTINS
The GTP-binding pocket of septins comprises the G1 (Walker
A) motif GxxxxGKS/T, which forms the P-loop that interacts
with the phosphate residues of the GTP, the G4 motif AKAD,
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which interacts with the guanine base of GTP, and the G3 motif
DxxG, which binds Mg2+ and is essential for the coordination
of GTP hydrolysis (Figure 5A). The GTP-binding pocket also
contains a threonine, which is analogous to the Thr-35 of the
G2 sequence of the Ras GTPases (Sirajuddin et al., 2009). In
conjunction with the glycine of the G3 motif, this threonine (T78
in SEPT2) is critical for the hydrolysis of GTP and is present in all
septins with the exception of those of the SEPT6 group, which are
thought to bind GTP constitutively (Sirajuddin et al., 2009; Zent
et al., 2011; Macedo et al., 2013; Zent and Wittinghofer, 2014).
In addition, an invariant arginine residue, which is positioned
in the beginning of the septin unique element, and a highly
conserved glutamate, which is located in the α4 helix following
the G4 motif, make contact with the guanine base of GTP
(Figures 5B,C).
In Ras GTPases, the conserved residues G12 and G13 are
heavily mutated in human cancers (Pylayeva-Gupta et al., 2011).
These residues correspond to the third and fourth amino acids
of the G1 Walker A motif GxxxxGKS/T (Figure 5A). In septins,
only G13 is conserved as an invariant glycine and is mutated only
once in SEPT8 (Figure 5A). Mutation of this residue in SEPT7
has been previously shown to disrupt GTP-binding and septin
dimerization (Abbey et al., 2016). The first invariant glycine of the
GxxxxGKS/T motif is mutated in four different septins (SEPT1,
SEPT2, SEPT12, and SEPT14) and the invariant serine, which has
been shown to affect SEPT7 oligomerization (Abbey et al., 2016),
is mutated in SEPT1 and SEPT14.
Mutations in the highly conserved threonine (T78 in SEPT2;
G2 sequence), which is responsible for GTP hydrolysis in
septins, occur only in SEPT5 and SEPT12. Interestingly, the
threonine of SEPT12 (T89) is mutated into methionine, which
is the same mutation identified in infertile male patients with
asthenoteratozoospermia (Kuo et al., 2012). This mutation is
found in a cancer of the central nervous system. Of note, an
arginine residue (R198 in SEPT2) that is highly conserved among
all septins with the catalytic threonine (T78 in SEPT2) is mutated
FIGURE 5 | Cancer mutations in conserved residues of the septin GTP-binding pocket. (A) Sequence alignment of the G1 (P-loop), G2, G3, and G4 motifs of
all 13 human septins. The corresponding sequences of H-Ras are shown in shaded boxes. The H-Ras amino acids in codons 12, 13, and 61 (highlighted in red font)
are sites of highly frequent activating mutations among all RAS oncogenes. Septin residues with missense mutations are shown in red font. The positions of highly
conserved amino acids with three or more missense mutations across all septins are outlined with rectangle boxes. (B) Stick cartoon of the atomic structure of the
GTP-binding pocket of SEPT2 (PDB code: 3FTQ) shows the position of highly conserved amino acids, which make contact with the GTP analog GppNHp (maroon)
and are mutated in several human cancers. Dashed lines outline interactions between the side chains of amino acids and GppNHp. The atomic representation and
bonds (dashed lines) were generated in PyMOL using the “sticks mode” and “measure distance” functions of the software. (C) Sequence alignment shows an
invariant arginine (asterisk), which is mutated in five different septins and makes contact with the ribose moiety of GTP. This amino acid is also involved in the polar
interactions of the G-G interface (Figure 6) and is positioned at the beginning of the septin unique element.
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in four septins. This arginine is located in the α4 helix, which
underlies the GTP-binding pocket.
In the guanine-binding AKAD motif (G4), six mutations are
identified in three different amino acids. The invariant alanine
in the first position of the AKAD motif is mutated in SEPT2
and SEPT8. The aspartate residue is mutated once in SEPT2
and twice in SEPT3. Remarkably, a mutation in the same amino
acid of SEPT12 (D197N) is linked to male infertility and has
been shown to disrupt SEPT12 assembly into functional filaments
(Kuo et al., 2012). Moreover, the aspartate of the AKAD motif
is also the site of a temperature-sensitive mutation (D182N) in
the Cdc10 septin of the budding yeast S. cerevisiae (Weems et al.,
2014). Interestingly, this missense mutation has been shown to
switch the nucleotide specificity of p21Ras from guanosine to
xanthosine, and is likely to result in a nucleotide-free septin
(Schmidt et al., 1996).
The G3 motif DxxG harbors six mutations (Figure 5A), but
the conserved D and G residues are only mutated once in
SEPT12 and SEPT1, respectively. The remaining four mutations
occur in the second and third positions of the DxxG motif;
three mutations occur in a highly conserved threonine. Among
all residues of the GTP-binding pocket, the invariant guanine-
interacting arginine of the SUE (R256 in SEPT2) and glutamate
of α4 helix (E191 in SEPT2) are the most heavily mutated
(Figures 5A,C). Interestingly, an invariant glycine (G241 in
SEPT2), which is positioned between the β9 and β11 sheets
and interacts with guanine, is also mutated in three different
septins (Figure 5B). Notably, this glycine marks a dominant
negative temperature-sensitive mutation (G247E) in the yeast
septin Cdc12 (Weems et al., 2014).
Overall, the mutational pattern of the septin G domain does
not exhibit the high frequency and amino acid selectivity of Ras
GTPases. Given that Ras mutational hotspots such as the G12
and G13 residues of the P-loop are involved in the mechanism
of GTP hydrolysis by GTPase-activating proteins (GAPs), this
difference may be due to the slow and mechanistically unique
GTPase activity of septins, which do not involve GAPs and
depend functionally more on hetero-oligomerization than GTP
turnover. Thus, activating mutations in the G domain of Ras
GTPases could be more self-selective in the evolution of cancer.
It is nevertheless evident that a significant number of mutations
are clustered in the GTP-binding pocket of septins and involve
several invariant residues that come in contact with both the
guanine base and phosphates of GTP.
MUTATIONS IN THE G-G AND N-C
DIMERIZATION INTERFACES OF SEPTINS
Septins assemble into functional higher order structures by
homo- and hetero-dimerization, which is structurally mediated
by their GTP-binding domains (Sirajuddin et al., 2007; Kim
et al., 2012). The X-ray crystallographic structures of several
septin homodimers (e.g., SEPT2, SEPT7, SEPT3) and of
the heterotrimeric SEPT2/6/7 have revealed two dimerization
interfaces, which are termed G-G and N-C interfaces (Sirajuddin
et al., 2007, 2009; Zent et al., 2011; Macedo et al., 2013). The
G-G interface involves elements of the GTP-binding pocket
including the loop regions between the antiparallel β7 and β8
strands, which are a unique features of the septin G-domain
compared to Ras proteins, and the loop regions between the β4
strand and α3 helix (Sirajuddin et al., 2007, 2009; Zent et al.,
2011; Macedo et al., 2013). The N-C interface is mediated by
interactions between the N- and C-terminal regions of the GTP-
binding domains, and is characterized by an upper and lower half.
The upper N-C interface involves the N-terminal helix α2 and the
C-terminal helix α6 of the SUE domain (Sirajuddin et al., 2007,
2009; Zent and Wittinghofer, 2014). The lower N-C interface is
supported by interactions between residues of the N-terminal
α0 helices and between amino acids of the C-terminal β2/β3
sheets and N-terminal α0 helix (Sirajuddin et al., 2009; Zent and
Wittinghofer, 2014).
In the G-G interface, over 25 mutations are clustered on a
12 amino acid patch of the β4/α3 region (Figures 6A,B), and
involve amino acids that flank a highly conserved histidine
(H158 in SEPT2), which contributes to the tight interactions of
the G interface (Weirich et al., 2008; Sirajuddin et al., 2009).
Notably, this region includes a phenylanine residue (F156),
whose mutation has been shown to disrupt the dimerization
of SEPT2 (Sirajuddin et al., 2007). The invariant glycine that
precedes H158 is mutated in three different septins (SEPT4,
SEPT9, SEPT10) and a highly conserved basic amino acid
(arginine or lysine; K161 in SEPT2) is mutated in SEPT6 and all
members of the SEPT2 group (Figures 6B,C). A highly invariant
proline (P155 in SEPT2) is also mutated in three different septins
(Figures 6B,C). In the region outlined by the antiparallel β7 and
β8 sheets, themajority of mutations occur in a glutamate (E191 in
SEPT2) and an arginine (R256 in SEPT2), which form salt bridges
between opposing septin monomers (Figures 6A,D). Mutations
in the glutamate residue, which is nearly invariant (aspartate in
SEPT14 only), occur in four different septins. R256 is the same
invariant arginine of the SUE domain that stacks over the ribose
moiety of GTP (see above) and is mutated in five different septins
(Figures 5C, 6D). In addition, the preceding arginine (R254)
is mutated in three septins of the SEPT2 group. No mutations
are identified in the interacting histidine (H270 in SEPT2) and
tryptophan (W260 in SEPT2) residues of the β7/β8 sheet region
(Figure 6D).
In the N-C interface (Figure 7A), the majority of septin
mutations are clustered on the upper half targeting a major
electrostatic interaction between two invariant residues, a
glutamate at the end of the α2 helix (E133 in SEPT2) and an
arginine in the loop between helix α2 and strand β4 (R138 in
SEPT2). Both of these residues are mutated in four different
septins (Figures 7A,B). Interestingly, several other mutations
are clustered in this region targeting highly conserved arginine
residues in the α6 helix of the SUE domain (R280/R293
in SEPT6 and R300 in SEPT2), which may contribute to
interactions between opposing monomers (Figure 7B). Each of
these arginines is mutated in four different septins. In the lower
N-C interface, an invariant valine (V93 in SEPT2) is the most
mutated residue; mutations occur in SEPT6, SEPT9, SEPT11
and SEPT14 (Figures 7A,C). No mutations were identified in
the valine of the α0 helix (V27 in SEPT2), which interacts
hydrophobically with the same valine of the opposing septin
monomer; valine is conserved as hydrophobic amino acid
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FIGURE 6 | Mutations in the G-G interface of septin oligomerization. (A) Open book diagram of the G-G interface of SEPT2 (PDB code: 3FTQ) shows critical
residues and interactions (lines) of this interface. Amino acids with 2-3 and 4-5 mutations are highlighted in pink and red, respectively. Open book diagram is a
hand-made representation of the approximate position of each amino acid and of their interactions along the z-axis of the crystal structure of SEPT2. (B) Sequence
alignment of a region that underlies the interactions of the upper G-G interface. Amino acids with missense mutations are shown in red font. The positions of highly
conserved amino acids with three or more missense mutations across all septins are outlined with rectangle boxes and red asterisks. Arrowhead points to a
phenylalanine residue, whose mutation has been shown to abrogate the dimerization of SEPT2. (C,D) Ribbon cartoons depict the upper (C) and lower (D) G-G
interface of SEPT2 (PDB code: 3FTQ). Dotted lines outline interactions between select residues. Amino acids with two or more mutations are highlighted in pink (2-3
mutations) or red (4-5 mutations), and their positions on the opposing protomer are indicated with asterisks of the same color code. Opposing protomers are shown in
cyan and aqua marine colors. The non-hydrolyzable GTP analog GppNHp (C) is depicted in ruby red. Cartoons were generated in PyMOL. Select bonds (C; dashed
lines) and electron densities (D) were highlighted using the “measure distance,” “mesh,” and “dots” functions of PyMOL.
(methionine or isoleucine) in all septins. Similarly, no mutations
were observed in the highly conserved phenylalanine (F20
in SEPT2; isoleucine in group 3 septins), which forms a
hydrophobic pocket with several residues including an invariant
phenylalanine (F58 in SEPT2), which ismutated twice in SEPT12,
and an isoleucine (I88 in SEPT2) and lysine (L95 in SEPT2),
which are mutated in SEPT14 (Figure 7C). Of note, SEPT14 is
also mutated in L289 (I281 in SEPT2), which belongs to the SUE
domain and projects into the lower N-C interface (Figure 7C).
In summary, the polar interactions between E191 and R256 in
the G-G interface and between E133 and R138 in the upper N-C
interface emerge as mutational hotspots. Every septin contains
at least one mutation that is likely to affect the electrostatic
interactions of G-G or N-C interfaces. In addition, the loop
region between strand β4 and helix α3, and the SUE are domains
that harbor many mutations in conserved amino acids. Four
arginine residues of the SUE domain are repeatedly mutated
in multiple septins, and one these arginine residues (R256 in
SEPT2) is involved in both GTP-binding and septin dimerization.
Therefore, mutations in this residue could be rather detrimental
for the assembly and function of septins.
MUTATIONS IN THE POLYBASIC AND
COILED-COIL DOMAINS OF SEPTINS
The polybasic and coiled coil domains of septins, which are
respectively positioned on the N- and C-terminal ends of the
GTP-binding domain, are known for their roles in membrane-
binding, septin assembly and interaction with binding partners
(Zhang et al., 1999; Low and Macara, 2006; de Almeida Marques
et al., 2012; Kim et al., 2012). Mutations in these domains could
impact the intracellular localization and functions of septins.
The phosphoinositide-binding polybasic domain is sparsely
mutated, containing only a few substitutions in arginine or lysine
residues of SEPT1, SEPT5, SEPT3, and SEPT9. Septins of the
SEPT6 group are characterized by a paucity of basic amino
acids in their respective regions of the polybasic domain and
mutations are minimal. By contrast, the coiled-coil-containing
C-terminal tails of the SEPT6 group harbor a significant number
of mutations. The C-terminal tails of SEPT14 and SEPT6
contain the most mutations, but very few of these mutations
are in amino acids of conserved identity or type. The C-
terminal tails of the SEPT2 group of septins, which are shorter,
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FIGURE 7 | Mutations in the N-C interface of septin oligomerization. (A)
Open book diagram of the N-C interface of SEPT2 (PDB code: 3FTQ) shows
critical residues and interactions (lines) of this interface. Amino acids with 2-3
and 4-5 mutations are highlighted in pink and red, respectively. Open book
diagram is a hand-made representation of the approximate position of each
amino acid and of their interactions along the z-axis of the crystal structure of
SEPT2. (B,C) Ribbon cartoons depict the upper (B) and lower (D) N-C
interface of SEPT2 (PDB code: 3FTQ). Amino acids with two or more
mutations are highlighted in pink (2-3 mutations) or red (4-5 mutations).
Cartoons were generated in PyMOL and electron densities were highlighted
using the “mesh” function of PyMOL.
exhibit a similar mutational pattern and SEPT7 has the least
number of C-terminal mutations per length of amino acid
sequence.
SEPT9-SPECIFIC MUTATIONS
Among all septins, SEPT9 has been extensively implicated
in human cancer. As reviewed above, SEPT9 is linked to
the molecular mechanisms of proliferation, angiogenesis, cell
invasion and resistance to anti-cancer drugs. SEPT9 contains
a unique N-terminal extension with a basic domain, which
binds microtubules, actin and the angiogenic HIF1α, as well
as an acidic proline-rich domain, which may interact with
proteins that contain Src homology 3 (SH3) domains (Golan
and Mabjeesh, 2013; Diesenberg et al., 2015; Smith et al.,
2015; Bai et al., 2016). In addition, the N-terminal domain
of SEPT9 is phosphorylated by the cyclin-dependent kinase 1
(Cdk1) at the onset of mitosis (Estey et al., 2013). Multiple
start codons and alternative splice sites give rise to isoforms
of variable N-terminal length and sequence (McIlhatton et al.,
2001; McDade et al., 2007). These SEPT9 isoforms are likely
to possess different binding partners, functions and properties,
and their relative levels of expression could affect cell behavior
as demonstrated in studies of cell migration (Robertson et al.,
2004; Connolly et al., 2011b; Chacko et al., 2012; Dolat et al.,
2014b).
The majority (62.5%) of all SEPT9 mutations map to
the N-terminal domain and nearly 70% of these N-terminal
mutations occur in the basic domain. Similar to the full-
length SEPT9, nearly a third (∼35%) of all N-terminal
mutations are found in intestinal cancer samples and
approximately 10% are cataloged under skin, stomach or
endometrial cancers (Figure 8A). Interestingly, mutations
in the N-terminal basic domain of SEPT9 are even
more prevalent (∼45% of total) in intestinal cancers and
mutations in the acidic proline-rich domain of SEPT9
are notably elevated (>20% of total) in stomach cancers
(Figures 8B,C).
Previous work has shown that the N-terminal 25 amino
acids of the longest SEPT9 isoform (SEPT9_i1) are critical
for the activation of HIF1α (Golan and Mabjeesh, 2013). In
addition, the basic domain of the SEPT9_i1 (amino acids 1-
142) contains the microtubule-binding K/R-R/x-x-E/D motifs
(Bai et al., 2013). Missense mutations in five of the N-terminal
25 amino acids of SEPT9_i1 were identified in a variety of
cancers (intestine, cervix, lung, skin, liver) and mutations in
the basic residues (R91, R107) of two R-R-x-E motifs occur in
stomach (R91) and intestinal (R91, R107) cancers (Figure 8D).
Interestingly, R107 is mutated in four different patients with
intestinal cancer and corresponds to the second arginine of the R-
R-x-E motif of SEPT9_i3, which harbors the R88W mutation of
hereditary neuralgic amyotrophy (Hannibal et al., 2009). In the
acidic proline-rich domain, missense mutations were identified
in four proline residues (Figure 8D). Notably, mutations in
two amino acids (R45 and P236 of SEPT9_i1) correspond
to two of the three PR motifs, which are implicated in the
interaction of SEPT9 with the Cbl ubiquitin ligase-interacting
protein 85 kD (CIN85), an adaptor protein that promotes the
degradation of the epidermal growth factor receptor (EGF-R);
SEPT9 prevents binding of CIN85 to ubiquitin ligase (Diesenberg
et al., 2015).
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FIGURE 8 | SEPT9-specific mutations. (A–C) All missense mutations identified in the N-terminus (A) and N-terminal basic (B) and acidic (C) domains of SEPT9
were grouped per tumor type. Bar graphs show the tumor types which harbor mutations that account for over 5% of the total mutations identified in each domain of
SEPT9. (D) Sequence alignments of the N-terminal basic and acidic domains of the SEPT9_i1, SEPT9_i2 and SEPT9_i3 isoforms. Missense mutations are highlighted
in red.
CONCLUSIONS AND FUTURE
DIRECTIONS
Since the early 2000s, when mammalian septins began to
emerge as a new field of research, there have been major
advances in our knowledge of the cellular functions of
septins. In parallel, mounting evidence has indicated that
septin levels of expression are altered in a variety of cancers.
A cause-and-effect relationship between these alterations and
tumorigenesis is yet to be established. Septins, however, are
involved in mechanisms that promote hallmarks of cancer
such as sustained proliferation, resistance to cell death,
angiogenesis, cell migration and invasion. Additionally, septins
have been implicated in chromosomal instability, resistance
to anti-cancer drugs and the induction of tumor growth by
the cancer-associated microenvironment. Understanding how
abnormalities in septin expression contribute to cancer pathology
will benefit from studies that directly test how the up- or
down-regulation of certain septins impact tumorigenicity and
cancer progression. In these efforts, the use of in vivo tumor
models will be critical for substantiating septin roles in cancer
development.
To date, septin mutations in cancer have not been studied.
From the missense mutations that are currently cataloged in
COSMIC, the mutational profile of septins appears to be different
from the mutations of the evolutionarily related RAS oncogenes.
Unlike RAS, whose mutations exhibit high frequencies and
involve select amino acids, septin mutations occur with low
frequencies and encompass a variety of residues. While more
data are needed to ascertain the lack of “hotspot” amino acids
in septins, several missense mutations take place on highly
conserved amino acids with key roles in GTP-binding and the G-
G andN-C dimerization interfaces. Interestingly, a fewmutations
occur in amino acids that are linked to male infertily and
temperature-sensitive phenotypes in budding yeast.
Future studies are necessary to explore the potential roles
and utility of these mutations. Do these mutations result in
gain or loss of septin function? Do they have dominant negative
or recessive effects? Can they be utilized toward manipulating
septin functions in vitro and in vivo? Are they of diagnostic
and/or prognostic value for specific cancers and patients? More
importantly, are these mutations a mere consequence of the
increased genomic instability that characterizes many cancers or
do they play an active role in cancer progression? Answers to
these questions will provide more clarity on the role of septins in
cancer andmay lead to new diagnostic and therapeutic strategies.
AUTHOR CONTRIBUTIONS
ES conceived the review topic, directed the review of septin
mutations and wrote the manuscript. DA performed the meta-
analyses of COSMIC data and prepared all figures.
FUNDING
This work was supported in part by NIH/NIGMS grant
GM097664 to ES.
ACKNOWLEDGMENTS
We thank members of the Spiliotis lab for suggestions and
feedback on the manuscript’s figures.
Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 November 2016 | Volume 4 | Article 122
Angelis and Spiliotis Septin Mutations in Human Cancers
REFERENCES
Abbey, M., Hakim, C., Anand, R., Lafera, J., Schambach, A., Kispert, A., et al.
(2016). GTPase domain driven dimerization of SEPT7 is dispensable for
the critical role of septins in fibroblast cytokinesis. Sci. Rep. 6:20007. doi:
10.1038/srep20007
Ageta-Ishihara, N., Miyata, T., Ohshima, C., Watanabe, M., Sato, Y., Hamamura,
Y., et al. (2013). Septins promote dendrite and axon development by negatively
regulating microtubule stability via HDAC6-mediated deacetylation. Nat.
Commun. 4, 2532. doi: 10.1038/ncomms3532
Amir, S., and Mabjeesh, N. J. (2007). SEPT9_V1 protein expression is associated
with human cancer cell resistance to microtubule-disrupting agents. Cancer
Biol. Ther. 6, 1926–1931. doi: 10.4161/cbt.6.12.4971
Amir, S., Wang, R., Simons, J. W., and Mabjeesh, N. J. (2009). SEPT9_v1
up-regulates hypoxia-inducible factor 1 by preventing its RACK1-mediated
degradation. J. Biol. Chem. 284, 11142–11151. doi: 10.1074/jbc.M808
348200
Bai, X., Bowen, J. R., Knox, T. K., Zhou, K., Pendziwiat, M., Kuhlenbäumer, G.,
et al. (2013). Novel septin 9 repeat motifs altered in neuralgic amyotrophy
bind and bundle microtubules. J. Cell Biol. 203, 895–905. doi: 10.1083/jcb.2013
08068
Bai, X., Karasmanis, E. P., and Spiliotis, E. T. (2016). Septin 9 interacts with kinesin
KIF17 and interferes with themechanism of NMDA receptor cargo binding and
transport.Mol. Biol. Cell 27, 897–906. doi: 10.1091/mbc.E15-07-0493
Bloomfield, G., and Kay, R. R. (2016). Uses and abuses of macropinocytosis. J. Cell
Sci. 129, 2697–2705. doi: 10.1242/jcs.176149
Bongiovanni, L., Pirozzi, F., Guidi, F., Orsini, M., Chiurazzi, P., Bassi, P. F., et al.
(2012). Bradeion (SEPT4) as a urinary marker of transitional cell bladder
cancer: a real-time polymerase chain reaction study of gene expression. J. Urol.
187, 2223–2227. doi: 10.1016/j.juro.2012.01.031
Bowen, J. R., Hwang, D., Bai, X., Roy, D., and Spiliotis, E. T. (2011). Septin GTPases
spatially guide microtubule organization and plus end dynamics in polarizing
epithelia. J. Cell Biol. 194, 187–197. doi: 10.1083/jcb.201102076
Bridges, A. A., and Gladfelter, A. S. (2015). Septin Form and Function at
the Cell Cortex. J. Biol. Chem. 290, 17173–17180. doi: 10.1074/jbc.R114.
634444
Bryant, K. L., Mancias, J. D., Kimmelman, A. C., and Der, C. J. (2014). KRAS:
feeding pancreatic cancer proliferation. Trends Biochem. Sci. 39, 91–100. doi:
10.1016/j.tibs.2013.12.004
Calvo, F., Ranftl, R., Hooper, S., Farrugia, A. J., Moeendarbary, E., Bruckbauer,
A., et al. (2015). Cdc42EP3/BORG2 and septin network enables mechano-
transduction and the emergence of cancer-associated fibroblasts. Cell Rep. 13,
2699–2714. doi: 10.1016/j.celrep.2015.11.052
Cao, L., Ding, X., Yu, W., Yang, X., Shen, S., and Yu, L. (2007). Phylogenetic and
evolutionary analysis of the septin protein family in metazoan. FEBS Lett. 581,
5526–5532. doi: 10.1016/j.febslet.2007.10.032
Casamayor, A., and Snyder, M. (2003). Molecular dissection of a yeast septin:
distinct domains are required for septin interaction, localization, and function.
Mol. Cell. Biol. 23, 2762–2777. doi: 10.1128/MCB.23.8.2762-2777.2003
Caudron, F., and Barral, Y. (2009). Septins and the lateral compartmentalization
of eukaryotic membranes. Dev. Cell 16, 493–506. doi: 10.1016/j.devcel.
2009.04.003
Cerveira, N., Bizarro, S., and Teixeira, M. R. (2011). MLL-SEPTIN gene
fusions in hematological malignancies. Biol. Chem. 392, 713–724. doi:
10.1515/BC.2011.072
Chacko, A. D., Hyland, P. L., McDade, S. S., Hamilton, P. W., Russell, S.
H., and Hall, P. A. (2005). SEPT9_v4 expression induces morphological
change, increased motility and disturbed polarity. J. Pathol. 206, 458–465. doi:
10.1002/path.1794
Chacko, A. D., McDade, S. S., Chanduloy, S., Church, S. W., Kennedy, R., Price,
J., et al. (2012). Expression of the SEPT9_i4 isoform confers resistance to
microtubule-interacting drugs.Cell. Oncol. 35, 85–93. doi: 10.1007/s13402-011-
0066-0
Chang, M. T., Asthana, S., Gao, S. P., Lee, B. H., Chapman, J. S., Kandoth, C.,
et al. (2016). Identifying recurrent mutations in cancer reveals widespread
lineage diversity and mutational specificity. Nat. Biotechnol. 34, 155–163. doi:
10.1038/nbt.3391
Connolly, D., Abdesselam, I., Verdier-Pinard, P., andMontagna, C. (2011a). Septin
roles in tumorigenesis. Biol. Chem. 392, 725–738. doi: 10.1515/BC.2011.073
Connolly, D., Yang, Z., Castaldi, M., Simmons, N., Oktay, M. H., Coniglio, S.,
et al. (2011b). Septin 9 isoform expression, localization and epigenetic changes
during human andmouse breast cancer progression. Breast Cancer Res. 13, R76.
doi: 10.1186/bcr2924
de Almeida Marques, I., Valadares, N. F., Garcia, W., Damalio, J. C., Macedo,
J. N., de Araújo, A. P., et al. (2012). Septin C-terminal domain interactions:
implications for filament stability and assembly. Cell Biochem. Biophys. 62,
317–328. doi: 10.1007/s12013-011-9307-0
Diesenberg, K., Beerbaum, M., Fink, U., Schmieder, P., and Krauss, M. (2015).
SEPT9 negatively regulates ubiquitin-dependent downregulation of EGFR. J.
Cell Sci. 128, 397–407. doi: 10.1242/jcs.162206
Dolat, L., Hunyara, J. L., Bowen, J. R., Karasmanis, E. P., Elgawly, M., Galkin,
V. E., et al. (2014b). Septins promote stress fiber-mediated maturation of
focal adhesions and renal epithelial motility. J. Cell Biol. 207, 225–235. doi:
10.1083/jcb.201405050
Dolat, L., Hu, Q., and Spiliotis, E. T. (2014a). Septin functions in organ system
physiology and pathology. Biol. Chem. 395, 123–141. doi: 10.1515/hsz-2013-
0233
Dolat, L., and Spiliotis, E. T. (2016). Septins promote macropinosome maturation
and traffic to the lysosome by facilitating membrane fusion. J. Cell Biol. 214,
517–527. doi: 10.1083/jcb.201603030
Elhasid, R., Sahar, D., Merling, A., Zivony, Y., Rotem, A., Ben-Arush, M., et al.
(2004). Mitochondrial pro-apoptotic ARTS protein is lost in the majority
of acute lymphoblastic leukemia patients. Oncogene 23, 5468–5475. doi:
10.1038/sj.onc.1207725
Estey, M. P., Di Ciano-Oliveira, C., Froese, C. D., Bejide, M. T., and Trimble, W.
S. (2010). Distinct roles of septins in cytokinesis: SEPT9 mediates midbody
abscission. J. Cell Biol. 191, 741–749. doi: 10.1083/jcb.201006031
Estey, M. P., Di Ciano-Oliveira, C., Froese, C. D., Fung, K. Y., Steels, J. D.,
Litchfield, D. W., et al. (2013). Mitotic regulation of SEPT9 protein by cyclin-
dependent kinase 1 (Cdk1) and Pin1 protein is important for the completion
of cytokinesis. J. Biol. Chem. 288, 30075–30086. doi: 10.1074/jbc.M113.
474932
Fernández-Medarde, A., and Santos, E. (2011). Ras in cancer and developmental
diseases. Genes Cancer 2, 344–358. doi: 10.1177/1947601911411084
Froidevaux-Klipfel, L., Poirier, F., Boursier, C., Crépin, R., Poüs, C., Baudin, B.,
et al. (2011). Modulation of septin and molecular motor recruitment in the
microtubule environment of the Taxol-resistant human breast cancer cell line
MDA-MB-231. Proteomics 11, 3877–3886. doi: 10.1002/pmic.201000789
Froidevaux-Klipfel, L., Targa, B., Cantaloube, I., Ahmed-Zaïd, H., Poüs, C.,
and Baillet, A. (2015). Septin cooperation with tubulin polyglutamylation
contributes to cancer cell adaptation to taxanes. Oncotarget 6, 36063–36080.
doi: 10.18632/oncotarget.5373
Füchtbauer, A., Lassen, L. B., Jensen, A. B., Howard, J., Quiroga Ade, S., Warming,
S., et al. (2011). Septin9 is involved in septin filament formation and cellular
stability. Biol. Chem. 392, 769–777. doi: 10.1515/BC.2011.088
García-Fernández, M., Kissel, H., Brown, S., Gorenc, T., Schile, A. J., Rafii, S., et al.
(2010). Sept4/ARTS is required for stem cell apoptosis and tumor suppression.
Genes Dev. 24, 2282–2293. doi: 10.1101/gad.1970110
Golan, M., and Mabjeesh, N. J. (2013). SEPT9_i1 is required for the association
betweenHIF-1α and importin-α to promote efficient nuclear translocation.Cell
Cycle 12, 2297–2308. doi: 10.4161/cc.25379
Gonzalez, M. E., Makarova, O., Peterson, E. A., Privette, L. M., and Petty, E.
M. (2009). Up-regulation of SEPT9_v1 stabilizes c-Jun-N-terminal kinase and
contributes to its pro-proliferative activity in mammary epithelial cells. Cell.
Signal. 21, 477–487. doi: 10.1016/j.cellsig.2008.11.007
Gottfried, Y., Rotem, A., Lotan, R., Steller, H., and Larisch, S. (2004). The
mitochondrial ARTS protein promotes apoptosis through targeting XIAP.
EMBO J. 23, 1627–1635. doi: 10.1038/sj.emboj.7600155
Grützmann, R., Molnar, B., Pilarsky, C., Habermann, J. K., Schlag, P. M.,
Saeger, H. D., et al. (2008). Sensitive detection of colorectal cancer in
peripheral blood by septin 9 DNA methylation assay. PLoS ONE 3:e3759. doi:
10.1371/journal.pone.0003759
Hall, P. A., Jung, K., Hillan, K. J., and Russell, S. E. (2005). Expression profiling the
human septin gene family. J. Pathol. 206, 269–278. doi: 10.1002/path.1789
Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 November 2016 | Volume 4 | Article 122
Angelis and Spiliotis Septin Mutations in Human Cancers
Hall, P. A., and Russell, S. E. (2004). The pathobiology of the septin gene family. J.
Pathol. 204, 489–505. doi: 10.1002/path.1654
Hannibal, M. C., Ruzzo, E. K., Miller, L. R., Betz, B., Buchan, J. G., Knutzen,
D. M., et al. (2009). SEPT9 gene sequencing analysis reveals recurrent
mutations in hereditary neuralgic amyotrophy. Neurology 72, 1755–1759. doi:
10.1212/WNL.0b013e3181a609e3
Hayward, W. S., Neel, B. G., and Astrin, S. M. (1981). Activation of a cellular onc
gene by promoter insertion in ALV-induced lymphoid leukosis. Nature 290,
475–480. doi: 10.1038/290475a0
Hoff, P. M., and Machado, K. K. (2012). Role of angiogenesis in the pathogenesis
of cancer. Cancer Treat. Rev. 38, 825–833. doi: 10.1016/j.ctrv.2012.04.006
Hu, J., Bai, X., Bowen, J. R., Dolat, L., Korobova, F., Yu, W., et al.
(2012). Septin-driven coordination of actin and microtubule remodeling
regulates the collateral branching of axons. Curr. Biol. 22, 1109–1115. doi:
10.1016/j.cub.2012.04.019
Huang, Y. W., Surka, M. C., Reynaud, D., Pace-Asciak, C., and Trimble, W. S.
(2006). GTP binding and hydrolysis kinetics of human septin 2. FEBS J. 273,
3248–3260. doi: 10.1111/j.1742-4658.2006.05333.x
Jiang, H., Hua, D., Zhang, J., Lan, Q., Huang, Q., Yoon, J. G., et al. (2014).
MicroRNA-127-3p promotes glioblastoma cell migration and invasion by
targeting the tumor-suppressor gene SEPT7. Oncol. Rep. 31, 2261–2269. doi:
10.3892/or.2014.3055
Joo, E., Surka, M. C., and Trimble, W. S. (2007). Mammalian SEPT2 is required
for scaffolding nonmuscle myosin II and its kinases. Dev. Cell 13, 677–690. doi:
10.1016/j.devcel.2007.09.001
Joo, E., Tsang, C. W., and Trimble, W. S. (2005). Septins: traffic control
at the cytokinesis intersection. Traffic 6, 626–634. doi: 10.1111/j.1600-
0854.2005.00305.x
Kalikin, L. M., Sims, H. L., and Petty, E. M. (2000). Genomic and expression
analyses of alternatively spliced transcripts of the MLL septin-like fusion gene
(MSF) that map to a 17q25 region of loss in breast and ovarian tumors.
Genomics 63, 165–172. doi: 10.1006/geno.1999.6077
Kartmann, B., and Roth, D. (2001). Novel roles for mammalian septins: from
vesicle trafficking to oncogenesis. J. Cell Sci. 114, 839–844.
Kim, M. S., Froese, C. D., Estey, M. P., and Trimble, W. S. (2011).
SEPT9 occupies the terminal positions in septin octamers and mediates
polymerization-dependent functions in abscission. J. Cell Biol. 195, 815–826.
doi: 10.1083/jcb.201106131
Kim,M. S., Froese, C. D., Xie, H., and Trimble,W. S. (2012). Uncovering principles
that control septin-septin interactions. J. Biol. Chem. 287, 30406–30413. doi:
10.1074/jbc.M112.387464
Kinoshita, M. (2003a). Assembly of mammalian septins. J. Biochem. 134, 491–496.
doi: 10.1093/jb/mvg182
Kinoshita, M. (2003b). The septins. Genome Biol. 4:236. doi: 10.1186/gb-2003-4-
11-236
Kinoshita, M., Field, C. M., Coughlin, M. L., Straight, A. F., and Mitchison, T. J.
(2002). Self- and actin-templated assembly of Mammalian septins. Dev. Cell 3,
791–802. doi: 10.1016/S1534-5807(02)00366-0
Kinoshita, M., Kumar, S., Mizoguchi, A., Ide, C., Kinoshita, A., Haraguchi, T.,
et al. (1997). Nedd5, a mammalian septin, is a novel cytoskeletal component
interacting with actin-based structures. Genes Dev. 11, 1535–1547. doi:
10.1101/gad.11.12.1535
Kinoshita, M., and Noda, M. (2001). Roles of septins in the mammalian cytokinesis
machinery. Cell Struct. Funct. 26, 667–670. doi: 10.1247/csf.26.667
Kremer, B. E., Adang, L. A., and Macara, I. G. (2007). Septins regulate
actin organization and cell-cycle arrest through nuclear accumulation of
NCK mediated by SOCS7. Cell 130, 837–850. doi: 10.1016/j.cell.2007.
06.053
Kuo, Y. C., Lin, Y. H., Chen, H. I., Wang, Y. Y., Chiou, Y. W., Lin, H. H., et al.
(2012). SEPT12 mutations cause male infertility with defective sperm annulus.
Hum. Mutat. 33, 710–719. doi: 10.1002/humu.22028
Larisch, S., Yi, Y., Lotan, R., Kerner, H., Eimerl, S., Tony Parks, W., et al.
(2000). A novel mitochondrial septin-like protein, ARTS, mediates apoptosis
dependent on its P-loop motif. Nat. Cell Biol. 2, 915–921. doi: 10.1038/350
46566
Leipe, D. D., Wolf, Y. I., Koonin, E. V., and Aravind, L. (2002). Classification and
evolution of P-loop GTPases and related ATPases. J. Mol. Biol. 317, 41–72. doi:
10.1006/jmbi.2001.5378
Liu, M., Shen, S., Chen, F., Yu,W., and Yu, L. (2010). Linking the septin expression
with carcinogenesis. Mol. Biol. Rep. 37, 3601–3608. doi: 10.1007/s11033-010-
0009-2
Liu, P., Kao, T. P., and Huang, H. (2008). CDK1 promotes cell proliferation and
survival via phosphorylation and inhibition of FOXO1 transcription factor.
Oncogene 27, 4733–4744. doi: 10.1038/onc.2008.104
Longtine, M. S., DeMarini, D. J., Valencik, M. L., Al-Awar, O. S., Fares, H.,
De Virgilio, C., et al. (1996). The septins: roles in cytokinesis and other
processes. Curr. Opin. Cell Biol. 8, 106–119. doi: 10.1016/S0955-0674(96)
80054-8
Low, C., and Macara, I. G. (2006). Structural analysis of septin 2, 6, and 7
complexes. J. Biol. Chem. 281, 30697–30706. doi: 10.1074/jbc.M605179200
Lu, S., Jang, H., Gu, S., Zhang, J., and Nussinov, R. (2016). Drugging Ras GTPase: a
comprehensive mechanistic and signaling structural view. Chem. Soc. Rev. 45,
4929–4952. doi: 10.1039/c5cs00911a
Macedo, J. N., Valadares, N. F., Marques, I. A., Ferreira, F. M., Damalio, J.
C., Pereira, H. M., et al. (2013). The structure and properties of septin 3: a
possible missing link in septin filament formation. Biochem. J. 450, 95–105. doi:
10.1042/BJ20120851
Marcus, E. A., Tokhtaeva, E., Turdikulova, S., Capri, J., Whitelegge, J. P., Scott,
D. R., et al. (2016). Septin oligomerization regulates persistent expression
of ErbB2/HER2 in gastric cancer cells. Biochem. J. 473, 1703–1718. doi:
10.1042/BCJ20160203
Marttinen, M., Kurkinen, K. M., Soininen, H., Haapasalo, A., and Hiltunen,
M. (2015). Synaptic dysfunction and septin protein family members in
neurodegenerative diseases. Mol. Neurodegener. 10, 16. doi: 10.1186/s13024-
015-0013-z
Mavrakis, M., Azou-Gros, Y., Tsai, F. C., Alvarado, J., Bertin, A., Iv, F.,
et al. (2014). Septins promote F-actin ring formation by crosslinking actin
filaments into curved bundles. Nat. Cell Biol. 16, 322–334. doi: 10.1038/
ncb2921
McDade, S. S., Hall, P. A., and Russell, S. E. (2007). Translational control of
SEPT9 isoforms is perturbed in disease. Hum. Mol. Genet. 16, 742–752. doi:
10.1093/hmg/ddm003
McIlhatton, M. A., Burrows, J. F., Donaghy, P. G., Chanduloy, S., Johnston, P.
G., and Russell, S. E. (2001). Genomic organization, complex splicing pattern
and expression of a human septin gene on chromosome 17q25.3. Oncogene 20,
5930–5939. doi: 10.1038/sj.onc.1204752
McMurray, M. (2014). Lean forward: genetic analysis of temperature-sensitive
mutants unfolds the secrets of oligomeric protein complex assembly. Bioessays
36, 836–846. doi: 10.1002/bies.201400062
McMurray, M. A., and Thorner, J. (2009). Septins: molecular partitioning and the
generation of cellular asymmetry. Cell Div. 4:18. doi: 10.1186/1747-1028-4-18
Menon, M. B., Sawada, A., Chaturvedi, A., Mishra, P., Schuster-Gossler, K., Galla,
M., et al. (2014). Genetic deletion of SEPT7 reveals a cell type-specific role of
septins in microtubule destabilization for the completion of cytokinesis. PLoS
Genet. 10:e1004558. doi: 10.1371/journal.pgen.1004558
Mizutani, Y., Ito, H., Iwamoto, I., Morishita, R., Kanoh, H., Seishima, M.,
et al. (2013). Possible role of a septin, SEPT1, in spreading in squamous
cell carcinoma DJM-1 cells. Biol. Chem. 394, 281–290. doi: 10.1515/hsz-20
12-0258
Montagna, C., Bejerano-Sagie, M., and Zechmeister, J. R. (2015). Mammalian
septins in health and disease. Res. Rep. Biochem. 2015, 59–73. doi:
10.2147/RRBC.S59060
Montagna, C., Lyu, M. S., Hunter, K., Lukes, L., Lowther, W., Reppert, T., et al.
(2003). The Septin 9 (MSF) gene is amplified and overexpressed in mouse
mammary gland adenocarcinomas and human breast cancer cell lines. Cancer
Res. 63, 2179–2187.
Mostowy, S., Bonazzi, M., Hamon, M. A., Tham, T. N., Mallet, A., Lelek, M., et al.
(2010). Entrapment of intracytosolic bacteria by septin cage-like structures.Cell
Host Microbe 8, 433–444. doi: 10.1016/j.chom.2010.10.009
Mostowy, S., and Cossart, P. (2012). Septins: the fourth component of the
cytoskeleton. Nat. Rev. Mol. Cell Biol. 13, 183–194. doi: 10.1038/nrm3284
Nakahira, M., Macedo, J. N., Seraphim, T. V., Cavalcante, N., Souza, T. A.,
Damalio, J. C., et al. (2010). A draft of the human septin interactome. PLoS
ONE 5:e13799. doi: 10.1371/journal.pone.0013799
Osaka, M., Rowley, J. D., and Zeleznik-Le, N. J. (1999). MSF (MLL septin-like
fusion), a fusion partner gene of MLL, in a therapy-related acute myeloid
Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 November 2016 | Volume 4 | Article 122
Angelis and Spiliotis Septin Mutations in Human Cancers
leukemia with a t(11;17)(q23;q25). Proc. Natl. Acad. Sci. U.S.A. 96, 6428–6433.
doi: 10.1073/pnas.96.11.6428
Pagliuso, A., Tham, T. N., Stevens, J. K., Lagache, T., Persson, R., Salles, A., et al.
(2016). A role for septin 2 in Drp1-mediated mitochondrial fission. EMBO Rep.
17, 858–873. doi: 10.15252/embr.201541612
Pan, F., Malmberg, R. L., and Momany, M. (2007). Analysis of septins across
kingdoms reveals orthology and new motifs. BMC Evol. Biol. 7:103. doi:
10.1186/1471-2148-7-103
Payne, G. S., Bishop, J. M., and Varmus, H. E. (1982). Multiple arrangements of
viral DNA and an activated host oncogene in bursal lymphomas. Nature 295,
209–214. doi: 10.1038/295209a0
Payne, S. R. (2010). From discovery to the clinic: the novel DNA methylation
biomarker (m)SEPT9 for the detection of colorectal cancer in blood.
Epigenomics 2, 575–585. doi: 10.2217/epi.10.35
Peterson, E. A., Stanbery, L., Li, C., Kocak, H., Makarova, O., and Petty,
E. M. (2011). SEPT9_i1 and genomic instability: mechanistic insights and
relevance to tumorigenesis. Genes Chromosomes Cancer 50, 940–949. doi:
10.1002/gcc.20916
Pylayeva-Gupta, Y., Grabocka, E., and Bar-Sagi, D. (2011). RAS oncogenes:
weaving a tumorigenic web. Nat. Rev. Cancer 11, 761–774. doi: 10.1038/
nrc3106
Robertson, C., Church, S. W., Nagar, H. A., Price, J., Hall, P. A., and Russell, S. E.
(2004). Properties of SEPT9 isoforms and the requirement for GTP binding. J.
Pathol. 203, 519–527. doi: 10.1002/path.1551
Russell, S. E., and Hall, P. A. (2011). Septin genomics: a road less travelled. Biol.
Chem. 392, 763–767. doi: 10.1515/BC.2011.079
Russell, S. E., McIlhatton, M. A., Burrows, J. F., Donaghy, P. G., Chanduloy, S.,
Petty, E. M., et al. (2000). Isolation and mapping of a human septin gene to a
region on chromosome 17q, commonly deleted in sporadic epithelial ovarian
tumors. Cancer Res. 60, 4729–4734.
Sager, R. (1997). Expression genetics in cancer: shifting the focus from DNA to
RNA. Proc. Natl. Acad. Sci. U.S.A. 94, 952–955. doi: 10.1073/pnas.94.3.952
Sandrock, K., Bartsch, I., Bläser, S., Busse, A., Busse, E., and Zieger, B. (2011).
Characterization of human septin interactions. Biol. Chem. 392, 751–761. doi:
10.1515/BC.2011.081
Schmidt, G., Lenzen, C., Simon, I., Deuter, R., Cool, R. H., Goody, R. S., et al.
(1996). Biochemical and biological consequences of changing the specificity of
p21ras from guanosine to xanthosine nucleotides. Oncogene 12, 87–96.
Sellin, M. E., Sandblad, L., Stenmark, S., and Gullberg, M. (2011). Deciphering the
rules governing assembly order of mammalian septin complexes.Mol. Biol. Cell
22, 3152–3164. doi: 10.1091/mbc.E11-03-0253
Sellin, M. E., Stenmark, S., and Gullberg, M. (2014). Cell type-specific
expression of SEPT3-homology subgroup members controls the subunit
number of heteromeric septin complexes. Mol. Biol. Cell 25, 1594–1607. doi:
10.1091/mbc.E13-09-0553
Shankar, J., Messenberg, A., Chan, J., Underhill, T. M., Foster, L. J., and Nabi,
I. R. (2010). Pseudopodial actin dynamics control epithelial-mesenchymal
transition in metastatic cancer cells. Cancer Res. 70, 3780–3790. doi:
10.1158/0008-5472.CAN-09-4439
Sheffield, P. J., Oliver, C. J., Kremer, B. E., Sheng, S., Shao, Z., and Macara, I.
G. (2003). Borg/septin interactions and the assembly of mammalian septin
heterodimers, trimers, and filaments. J. Biol. Chem. 278, 3483–3488. doi:
10.1074/jbc.M209701200
Shen, S., Liu, M., Wu, Y., Saiyin, H., Liu, G., and Yu, L. (2012). Involvement
of SEPT4_i1 in hepatocellular carcinoma: SEPT4_i1 regulates susceptibility to
apoptosis in hepatocellular carcinoma cells.Mol. Biol. Rep. 39, 4519–4526. doi:
10.1007/s11033-011-1242-z
Sirajuddin, M., Farkasovsky, M., Hauer, F., Kühlmann, D., Macara, I. G., Weyand,
M., et al. (2007). Structural insight into filament formation by mammalian
septins. Nature 449, 311–315. doi: 10.1038/nature06052
Sirajuddin, M., Farkasovsky, M., Zent, E., and Wittinghofer, A. (2009). GTP-
induced conformational changes in septins and implications for function.
Proc. Natl. Acad. Sci. U.S.A. 106, 16592–16597. doi: 10.1073/pnas.09028
58106
Sirianni, A., Krokowski, S., Lobato-Márquez, D., Buranyi, S., Pfanzelter, J.,
Galea, D., et al. (2016). Mitochondria mediate septin cage assembly
to promote autophagy of Shigella. EMBO Rep. 17, 1029–1043. doi:
10.15252/embr.201541832
Smith, C., Dolat, L., Angelis, D., Forgacs, E., Spiliotis, E. T., and Galkin, V. E.
(2015). Septin 9 Exhibits polymorphic binding to F-actin and inhibits myosin
and cofilin activity. J. Mol. Biol. 427, 3273–3284. doi: 10.1016/j.jmb.2015.
07.026
Sørensen, A. B., Lund, A. H., Ethelberg, S., Copeland, N. G., Jenkins, N. A., and
Pedersen, F. S. (2000). Sint1, a common integration site in SL3-3-induced
T-cell lymphomas, harbors a putative proto-oncogene with homology to the
septin gene family. J. Virol. 74, 2161–2168. doi: 10.1128/JVI.74.5.2161-21
68.2000
Spiliotis, E. T., and Gladfelter, A. S. (2012). Spatial guidance of cell asymmetry:
septin GTPases show the way. Traffic 13, 195–203. doi: 10.1111/j.1600-
0854.2011.01268.x
Spiliotis, E. T., Hunt, S. J., Hu, Q., Kinoshita, M., and Nelson, W. J.
(2008). Epithelial polarity requires septin coupling of vesicle transport
to polyglutamylated microtubules. J. Cell Biol. 180, 295–303. doi:
10.1083/jcb.200710039
Spiliotis, E. T., Kinoshita, M., and Nelson, W. J. (2005). A mitotic septin scaffold
required for Mammalian chromosome congression and segregation. Science
307, 1781–1785. doi: 10.1126/science.1106823
Tanaka, M., Kijima, H., Itoh, J., Matsuda, T., and Tanaka, T. (2002). Impaired
expression of a human septin family gene Bradeion inhibits the growth and
tumorigenesis of colorectal cancer in vitro and in vivo. Cancer Gene Ther. 9,
483–488. doi: 10.1038/sj.cgt.7700460
Tanaka, M., Tanaka, T., Kijima, H., Itoh, J., Matsuda, T., Hori, S., et al. (2001).
Characterization of tissue- and cell-type-specific expression of a novel human
septin family gene, Bradeion. Biochem. Biophys. Res. Commun. 286, 547–553.
doi: 10.1006/bbrc.2001.5413
Tanaka, M., Tanaka, T., Matsuzaki, S., Seto, Y., Matsuda, T., Komori, K., et al.
(2003). Rapid and quantitative detection of human septin family Bradeion as a
practical diagnostic method of colorectal and urologic cancers.Med. Sci. Monit
9, MT61–MT68.
Thompson, S. L., Bakhoum, S. F., and Compton, D. A. (2010). Mechanisms of
chromosomal instability. Curr. Biol. 20, R285–R295. doi: 10.1016/j.cub.2010.
01.034
Traikov, S., Stange, C., Wassmer, T., Paul-Gilloteaux, P., Salamero, J., Raposo, G.,
et al. (2014). Septin6 and Septin7 GTP binding proteins regulate AP-3- and
ESCRT-dependent multivesicular body biogenesis. PLoS ONE 9:e109372. doi:
10.1371/journal.pone.0109372
Vrabioiu, A. M., Gerber, S. A., Gygi, S. P., Field, C. M., and Mitchison, T.
J. (2004). The majority of the Saccharomyces cerevisiae septin complexes
do not exchange guanine nucleotides. J. Biol. Chem. 279, 3111–3118. doi:
10.1074/jbc.M310941200
Warren, J. D., Xiong, W., Bunker, A. M., Vaughn, C. P., Furtado, L. V., Roberts, W.
L., et al. (2011). Septin 9 methylated DNA is a sensitive and specific blood test
for colorectal cancer. BMCMed. 9:133. doi: 10.1186/1741-7015-9-133
Weems, A. D., Johnson, C. R., Argueso, J. L., andMcMurray, M. A. (2014). Higher-
order septin assembly is driven by GTP-promoted conformational changes:
evidence from unbiased mutational analysis in Saccharomyces cerevisiae.
Genetics 196, 711–727. doi: 10.1534/genetics.114.161182
Weirich, C. S., Erzberger, J. P., and Barral, Y. (2008). The septin family of
GTPases: architecture and dynamics. Nat. Rev. Mol. Cell Biol. 9, 478–489. doi:
10.1038/nrm2407
Xu, M., Takanashi, M., Oikawa, K., Nishi, H., Isaka, K., Yoshimoto, T., et al.
(2012). Identification of a novel role of Septin 10 in paclitaxel-resistance in
cancers through a functional genomics screen. Cancer Sci. 103, 821–827. doi:
10.1111/j.1349-7006.2012.02221.x
Yu, J., Zhang, W., Tang, H., Qian, H., Yang, J., Zhu, Z., et al. (2016). Septin
2 accelerates the progression of biliary tract cancer and is negatively
regulated by mir-140-5p. Gene 589, 20–26. doi: 10.1016/j.gene.2016.
05.005
Zent, E., Vetter, I., and Wittinghofer, A. (2011). Structural and biochemical
properties of Sept7, a unique septin required for filament formation. Biol.
Chem. 392, 791–797. doi: 10.1515/BC.2011.082
Zent, E., and Wittinghofer, A. (2014). Human septin isoforms and the GDP-GTP
cycle. Biol. Chem. 395, 169–180. doi: 10.1515/hsz-2013-0268
Zeraik, A. E., Pereira, H. M., Santos, Y. V., Brandão-Neto, J., Spoerner, M., Santos,
M. S., et al. (2014). Crystal structure of a Schistosoma mansoni septin reveals
the phenomenon of strand slippage in septins dependent on the nature of
Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 November 2016 | Volume 4 | Article 122
Angelis and Spiliotis Septin Mutations in Human Cancers
the bound nucleotide. J. Biol. Chem. 289, 7799–7811. doi: 10.1074/jbc.M113.
525352
Zhang, J., Kong, C., Xie, H., McPherson, P. S., Grinstein, S., and Trimble, W. S.
(1999). Phosphatidylinositol polyphosphate binding to the mammalian septin
H5 is modulated by GTP. Curr. Biol. 9, 1458–1467. doi: 10.1016/S0960-
9822(00)80115-3
Zhang, N., Liu, L., Fan, N., Zhang, Q., Wang, W., Zheng, M., et al. (2016). The
requirement of SEPT2 and SEPT7 for migration and invasion in human breast
cancer via MEK/ERK activation. Oncotarget. doi: 10.18632/oncotarget.11402.
[Epub ahead of print].
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Angelis and Spiliotis. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 November 2016 | Volume 4 | Article 122
